Chronic autoimmune thrombocytopenic purpura (AITP) is characterized by platelet-specific autoantibody production that is influenced by enhanced antiplatelet T-helper cell reactivity. Costimulatory signals are absolutely required for T-cell activation and play key roles in the decision between tolerance and immunity. In this study we cultured T cells isolated from patients with chronic AITP to investigate the effects of the B7-blocking agent cytologic T-lymphocyte-associated antigen 4-immunoglobulin (CTLA4-Ig), and cyclosporin A (CsA), alone or in combination, on induction of platelet-specific Tcell anergy. The data showed that in most cases CTLA4-Ig and/or CsA could induce tolerance toward platelet antigens based on anergy. It could be overcome by stimulation with unrelated antigens, demonstrating its platelet specificity. The anergy is associated with lack of interleukin 2 (IL-2) and withheld by exogenous IL-2, emphasizing the pivotal role of IL-2 suppression in the induction of plateletspecific anergy. We also prospectively evaluated the efficacy of CsA therapy in patients with refractory AITP and observed that the response to CsA treatment in vivo was associated with the 
Introduction
Chronic autoimmune thrombocytopenic purpura (AITP) is an autoimmune disorder characterized by antiplatelet autoantibody-mediated platelet destruction. Autoantibody production in AITP is associated with both T-cell activation and T-B cognate interaction. [1] [2] [3] [4] Patients with AITP have enhanced T-cell reactivity against platelets that is measurable at both the bulk polyclonal T-cell level 5, 6 and at the clonal level. 7, 8 Optimal T-cell activation requires 2 signals. The first signal is based on T-cell receptor (TCR) recognition of peptide/major histocompatibility complex (MHC) complexes. The second signal is provided by interaction of CD28, CD2, and leukocyte factor antigen-1 (LFA-1) on T cells with their costimulatory ligands B7 (CD80 and CD86), LFA-3, and intercellular adhesion molecule-1 (ICAM-1), respectively, on antigenpresenting cells (APCs). Because the CD28 costimulatory pathway does not depend on intracellular calcium, the B7-CD28/CTLA-4 (cytologic T-lymphocyte-associated antigen 4) interaction is considered to provide the main signal that confers cyclosporin A (CsA)-resistant interleukin 2 (IL-2) production, whereas costimulation through other accessory molecules such as CD2 is calcium dependent and thus could be blocked by CsA. [9] [10] [11] B7 costimulation is involved not only in the induction stage of autoimmune response but also in the effector activation of autoreactive T cells for propagating autoimmune disease. [12] [13] [14] [15] [16] Semple et al 6 has observed an enhanced expression of CD80 on platelets from patients with AITP, implicating a role of B7/CD28 costimulation in the pathogenesis of AITP. 6 T-cell response(s) could be inhibited by administration of the cytotoxic T-lymphocyte-associated antigen 4-immunoglobulin (CTLA4-Ig), a fusion protein comprising the extracellular domain of CTLA-4 and the Fc portion of human IgG1 region that binds to both CD80 and CD86. Multiple studies have demonstrated that blocking B7/CD28 interaction results in prevention and amelioration of autoimmune diseases in a number of animal models such as lupus, encephalomyelitis, thyroiditis, myasthenia gravis, arthritis, and nonobese diabetes, as well as in patients with psoriasis in phase 1 and phase 2 studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] (Bristol-Myers has completed phase 2 clinical trials of the experimental drug CTLA4-Ig in rheumatoid arthritis and has completed phase 1 safety trials in psoriasis and multiple sclerosis.) In particular, Zhang et al 9 and Van Gool et al 22 reported that CTLA4-Ig, when synergized with CsA, is highly effective in inducing anergy to alloantigens. Therefore, one purpose of our study was to investigate the effects of the B7-blocking agent CTLA4-Ig, and/or CsA on induction of anergy of platelet-reactive T cells in chronic AITP.
Several studies have reported the beneficial effects of CsA in refractory patients. [23] [24] [25] Although such therapy is successful in some refractory cases, its effect remains inconsistent. It would be helpful to identify laboratory markers that are useful in predicting the efficacy of CsA therapy. Hence, another purpose of our study was to prospectively evaluate the effects of CsA treatment on patients with refractory AITP and identify whether the efficacy of CsA in vivo is correlated with the sensitivity of T cells to CsA inhibition in vitro.
Patients, materials, and methods

Patients and control volunteers
Thirty-six newly diagnosed patients (26 women, 10 men; mean age, 36 years; range, 12-51 years) in the active phase of chronic AITP (platelet counts Յ 100 ϫ 10 9 /L) were studied. The diagnosis of chronic AITP was based on the previously described criteria. 6 These criteria are thrombocytopenia for more than 6 months, increased bone marrow megakaryocytes, absence of splenomegaly, and no secondary immune or nonimmune abnormality that could account for the thrombocytopenia. All patients were evaluated prior to the commencement of specific therapy. Nine patients have not received any specific treatments because they have no clinically significant bleeding symptoms with a platelet count more than 30 to 50 ϫ 10 9 /L, in accordance with the practice guideline. 26 The remaining 27 patients with bleeding symptoms and/or platelet count less than 30 ϫ 10 9 /L were treated with prednisone, splenectomy, and/or various other treatment modalities. Eleven patients refractory to prednisone and splenectomy were randomly selected and treated with CsA. Among them, 3 were also refractory to vincristine, 3 to danazol, 2 to cyclophosphamide, and 2 to intravenous immunoglobulin. Platelet counts before CsA treatment were 15.5 to 27 ϫ 10 9 /L. CsA was given orally at an initial dose of 5 mg/kg per day, taken twice daily for 1 week, then adjusted to 3 to 12 mg/kg per day to maintain a serum CsA level between 200 and 400 ng/mL. If complete or partial response was achieved within 12 weeks, CsA was continued but no longer than 6 months. If there had been no response by 12 weeks, CsA was stopped.
Fifteen healthy volunteers (5 men, 10 women) between 18 and 35 years (mean, 24 years) were examined as control subjects. Their platelet counts ranged from 150 to 320 ϫ 10 9 /L. Signed and informed consent approved by the medical ethical committee of Qilu Hospital of Shangdong University was granted by all study participants.
We used the following response criteria 27 : complete response (CR), therapy resulted in a platelet count above 100 ϫ 10 9 /L; partial response (PR), therapy resulted in a platelet count above 50 ϫ 10 9 /L; no response (NR), platelet count remained below 50 ϫ 10 9 /L after therapy.
Cell isolation
Peripheral blood mononuclear cells (PBMCs) were obtained from heparinized blood from 36 patients with chronic AITP and 16 healthy control subjects by Ficoll-hypaque (Pharmacia Biotech, Beijing, China) gradient centrifugation. T cells were prepared by double-rosetting of PBMCs with 2-aminoethylosothiouronium bromide-treated sheep red blood cells (SRBCs). After counting, T cells were resuspended in RPMI 1640 medium (Gibco, China) containing 10% pooled inert human group AB serum, 2 mM L-glutamine (Gibco, China), 100 g/mL penicillin/streptomycin, and 5 ϫ 10 5 M 2-mercaptoethanol. Fresh autologous PBMCs were irradiated (4000 rad) and used as APCs as described by Kuwana et al 2 and Ware and Howard. 7 
Preparation of platelets
Acid-treated platelets were prepared as described by Semple and Freedman, 5 ie, EDTA (ethylenediaminetetraacetic acid)-treated blood from healthy individuals was centrifuged at 150g for 15 minutes at 20°C, and the platelet-rich plasma (PRP) was recovered. The PRP was then centrifuged at 550g for 6 minutes at 20°C, and the platelets were washed twice in normal saline. Platelet HLA class I immunogenicity was abolished by acid dissociation (pH, 3.0) at 4°C for 15 minutes to reduce possible class I alloreactivity in the PBMC cultures.
In vitro antiplatelet reactivity
For the primary culture, proliferative responses by T cells were performed by the modified methods of Semple and Freedman 5 and Zhang et al. 9 Briefly, T cells (1 ϫ10 6 cells/mL) and enriched APCs (0.2 ϫ 10 6 cells/mL) were cultured with acid-treated normal platelets (100 ϫ 10 6 cells/mL) in the presence or the absence of CTLA4-Ig (10 g/mL; gift from Dr Yiqiang Zhao, Ohio University, Athens) and/or CsA (400 ng/mL; Sandoz Pharmaceuticals, Switzerland) in 96-well plates (200-L volumes) or 24-well culture plates (1-mL volumes). After 6 days of incubation, 0.037 MBq (1 Ci) [ 3 H]thymidine (Beijing Atomic Energy Research Institute, Beijing, China)/well was added to the 96-well plates, the plates were incubated for an additional 24 hours at 37°C, and the cells were harvested and counted for incorporated radioactivity. For the secondary culture, the cells from the 24-well plates were washed, resuspended in culture medium, and rested for 2 days. Subsequently, the cells were resuspended in culture medium and restimulated with original or unrelated antigens (tuberculin, 20 U/mL; gift from Dr Yiqiang Zhao, Ohio University) in the presence of fresh autologous APCs without blocking agents. T-cell activation was assayed by proliferation and by IL-2 production. For proliferation studies, cells were incubated in 96-well plates (2 ϫ 10 5 precultured cells with 0.4 ϫ 10 5 autologous APCs in a 200-L final volume). The cells were incubated at 37°C with 5% CO 2 for different time periods. During the last 8 hours of incubation, the cells were pulsed with 0.037 MBq (1 Ci) [ 3 H]thymidine/well. For IL-2 production, 1 ϫ 10 6 cells in 1 mL culture medium were incubated in the presence of 2 g/mL anti-Tac monoclonal antibody (McAb; Jingmei Biotech, Shenzhen, China) in 24-well plates to block IL-2 consumption. Culture supernatants were collected after antigen rechallenging for 3 days, and the production of IL-2 was tested by stimulation of proliferation of the IL-2-dependent cell line CTLL as described by Semple and Freedman. 5 
Statistical analysis
The Student t test of paired samples was used to compare the differences of proliferation and IL-2 production for differentially treated samples from patients with chronic AITP. The significance between patient and healthy control groups was determined by the Student t test for analysis of completely randomized 2-group design. The CsA sensitivity in vitro and CsA response in vivo in patients with refractory AITP was analyzed using exact probabilities in 2 ϫ 2 tables, as appropriate. P Յ .05 was considered significant.
Results
Inhibition of platelet-induced T-cell proliferation by CTLA4-Ig and/or CsA in primary culture
As shown in Figure 1 , T cells derived from healthy individuals did not show vigorous proliferation after being incubated with acidtreated platelets and APCs for 7 days. T cells from patients with chronic AITP showed very high reactivity (P Յ .001). T-cell proliferation was inhibited by CTLA4-Ig (10 g/mL) or CsA (400 ng/mL) (P Յ .01 and .02, respectively), and the inhibiting effect was synergistically enhanced by the combination of CTLA4-Ig and CsA (P Յ .001).
Tolerance induction on rechallenge of platelet antigens (Ags)
After the primary stimulation for 7 days, T cells were washed and rested for 2 days and then restimulated with platelets in the presence of autologous APCs. To determine the optimal time point for T-cell proliferative responses during the secondary stimulation, we analyzed 3 randomly selected patients and found that T-cell responses to platelet Ags showed a similar time course and peaked at day 4 ( Figure 2A ). Measurement of T-cell proliferation following secondary stimulation of all patients (n ϭ 36) showed that, for most patients with chronic AITP, CTLA4-Ig (P Յ .01) or CsA (P Յ .05) alone drove T cells into a state of tolerance when restimulated with platelets ( Figure 2B) . Moreover, the combined use of CTLA4-Ig and CsA resulted in platelet-reactive T-cell tolerance in all patients (P Յ .001).
Tolerance to platelet Ags was based on anergy rather than clonal deletion
To determine whether the tolerance to platelet Ags could be the result of anergy or clonal deletion, we rendered the T cells from 16 patients tolerant to platelet Ags with CTLA4-Ig and/or CsA as described in "Tolerance induction on rechallenge of platelet antigens (Ags)." The cells were washed and rested for 2 days, and then rechallenged with platelet Ags and autologous APCs in the presence or the absence of IL-2 (10 U/mL) during the secondary culture. The presence of IL-2 during restimulation with original Ags and autologous APCs reversed the tolerance of T cells induced by CTLA4-Ig (P Յ .001) and CsA (P Յ .001) alone, or in combination with CsA (P Յ .001; Figure 3) . Therefore, the tolerant state in this in vitro model was due to anergy induction rather than to deletion.
T-cell anergy induced by CTLA4-Ig and CsA, alone or in combination, was platelet specific
To confirm the specificity of the T-cell anergy to platelet Ags, T cells from 12 patients who had a history of Mycobacterium tuberculosis bacille Calmette-Guérin (BCG) vaccination(s) and were positive for tuberculin purified protein derivative (PPD), were pretreated with CTLA4-Ig and/or CsA as described in "Tolerance to platelet Ags was based on anergy rather than clonal deletion." T cells treated with platelet Ags in the presence of CTLA4-Ig and CsA, alone or combined in the primary culture, displayed T-cell proliferation when restimulated with third-party stimulators (P Յ .001 for all 3 groups; Figure 4 ). No effect was seen when challenged with unrelated antigens (tuberculin 200 U/mL). This finding indicates that only platelet-specific T cells were anergic.
Role of IL-2 in platelet-specific anergy induced by CTLA4-Ig, CsA, or their combination
To disclose whether the CTLA4-Ig and/or CsA-induced T-cell anergy to platelet Ags was correlated with the inhibition of IL-2 production, we have also measured the IL-2 level after platelet rechallenge in 20 patients. As shown in Figure 5 , either CTLA4-Ig or CsA could block IL-2 production on rechallenge for most patients (P Յ .01 in each of the 2 Student t tests of paired samples). When CTLA4-Ig and CsA were combined, this combination resulted in almost a complete block of IL-2 production in all patients (P Յ .001). This finding suggests that lack of IL-2 might be responsible for the anergy induction.
Because IL-2 has been shown to prevent the anergic state of T cells anergized in the absence of costimulatory signals, recombinant IL-2 was, therefore, added to the first culture of PBMCs in 8 patients. We found that platelet-specific anergy induction could also be prevented by adding IL-2 during the primary culture in the presence of CTLA4-Ig (P Յ .001), CsA (P Յ .02) or CTLA4-Ig and CsA together (P Յ .001; Figure 6 ), demonstrating the pivotal role of defective IL-2 production in the induction of plateletspecific T-cell anergy. In experiments using PBMCs from 11 patients with refractory AITP, we found that T-cell-antiplatelet reactivity decreased to normal ranges (normal ranges were established as the mean Ϯ 2 SD of results from healthy control subjects) 5, 6 in 6 patients in the presence of CsA during primary culture. However, in the other 5 patients CsA was not sufficient to suppress T-cell proliferation completely. The lack of complete inhibition in vitro by CsA alone was consistent with the pattern in clinical treatment of refractory AITP with CsA, which could achieve response in only a certain percentage of patients. This finding led us to explore the association between the sensitivity in vitro and the response to CsA in vivo in the treatment of refractory AITP. Of the 11 patients with refractory AITP treated with CsA (Table 1) , 5 of 6 patients showed platelet reactivity that was completely inhibited by CsA in vitro (CsA sensitive) and were also responsive to CsA treatment (3 CR and 2 PR cases; peak platelet count occurred between 35 and 98 days [mean, 60.2] after CsA beginning). However, all of the 5 cases whose platelet reactivity could not be completely inhibited by CsA in vitro (CsA insensitive) showed no response to CsA therapy. The results suggested that the CsA efficacy in vivo was significantly different between CsA-sensitive and CsA-insensitive groups (P Յ .02), and CsA sensitivity in vitro could serve as a reliable parameter in predicting the efficacy of CsA therapy in refractory AITP. In 2 patients CR lasted for more than 2 years off treatment. Another CR patient relapsed 1 year after the end of treatment and attained PR after readministration of CsA. The platelet counts of the 2 cases of PR dropped to 30 ϫ 10 9 /L or less after stopping CsA. Readministration synergistically with low-dose prednisone (20 mg per day) could maintain platelets at a safe level. The side effects during CsA treatment included nausea in 4 patients, gingival hyperplasia in 3, and slight creatinine level elevation in 1 patient. These complaints usually resolved after dose reduction or discontinuation for a few days.
Discussion
In accordance with previous reports showing a strong in vitro antiplatelet T-cell response in chronic AITP, [5] [6] [7] [8] we found that T cells freshly isolated from the patients proliferate against platelets in the presence of autologous APCs. However, Garcia-Suarez et al 27, 28 demonstrated in chronic AITP that highly purified T cells lacking in APC showed defective activation and proliferation following anti-CD3 monoclonal antibody or phytohemagglutinin (PHA) stimulation. Therefore, it is likely that the interaction of APCs with T cells provides signals that could overcome the defective response to mitogenic stimuli through the TCR/CD3 complex. On the basis of previous work on the murine model of type I diabetes that showed a similar autoimmune pathogenesis at the level of T cells, 29 we would like to propose that in chronic AITP the CD28 costimulatory pathway is functional. A specific defect in signal 1 transduction through the TCR/CD3 complex that could be compensated for at least partially by signal 2 mediated through CD28 molecules, may underlie the hyporesponsiveness of the purified T cells.
Autoimmunity may occur only in the presence of proper coactivation. 30 Most tissue does not express costimulatory molecules and should not be able to costimulate T cells. 31 If costimulatory signals were aberrantly provided to platelet-reactive T cells, AITP may occur. The data presented provide the first evidence that in most patients with chronic AITP, blocking the B7-CD28 Figure 5 . Effects of CTLA4-Ig and/or CsA on IL-2 production on platelet Ag rechallenge. Following the same procedure for first culture as that described in Figure 2 , the T cells (1 ϫ 10 6 /mL) from 20 patients were rechallenged with the original Ags. Anti-Tac McAb (2 g/mL) was added to the medium to block IL-2 consumption during the secondary culture. The supernatants were collected after 3 days, and IL-2 was measured by a bioassay on cytotoxic T-lymphocyte line (CTLL). T cells (1 ϫ 10 6 /mL) from 8 patients were cultured following the same procedure as that described in Figure 2 except that the primary culture was performed in the presence (f) or the absence (Ⅺ) of exogenous IL-2 (10 U/mL). Proliferation on rechallenge with platelets was measured and shown as [ 3 H]thymidine incorporation (mean Ϯ SD cpm). interaction results in platelet-specific T-cell tolerance, thus implicating the CD28 blockade as a promising approach to the treatment of chronic AITP. We also observed that in a few cases, B7-blocking agent alone failed to induce tolerance, suggesting the existence of other pathways to prevent anergy. This finding could be explained from several aspects. First, although B7-CD28 is believed to be the most important costimulatory pathway of T-cell activation, T-cell surface receptor molecules other than CD28, including CD2 and LFA-1, could mediate costimulation. The LFA-3/CD2 pathway and LFA-1/ ICAM-1 pathway have been found to stimulate antigen-independent cell adhesion and proliferation. 32 Second, CD28-mediated signals are also essential for the survival of CD4 ϩ CD25 ϩ suppressive T cells (Ts). 31 Blocking CD28 costimulation may inhibit the activation of this subset of immunoregulatory T cells, as in the case of certain autoimmune diabetic models. 33 Third, T-cell tolerance is achieved by coupling the fate of the cell to the integration of signals received through the TCR, costimulatory molecules as well as cytokine receptors, especially the IL-1 receptor and tumor necrosis factor (TNF) receptor family members. It has been shown that IL-1 or TNF could synergize with TCR stimulation by mediating activation of the IL-2 promoter through sphingomyelin/nuclear factor-B (NF-B) in certain organ-specific autoimmune diseases. This renders CD28 signaling functionally redundant. 30, 34, 35 The interfamily redundancy of CD28, CD2, and LFA-1 costimulatory pathways offers an opportunity to regulate distinct T-cell response profiles in various microenvironments. 32 By combining the use of CTLA4-Ig and CsA during the primary culture, we observed that the platelet-induced T-cell responses were inhibited consistently in the secondary culture. Moreover, we also performed second restimulation with platelets (tertiary culture) in 4 patients with chronic AITP and found that the T cells made unresponsive during the primary culture with CTLA4-Ig and CsA displayed no platelet reactivity (data not shown), indicating the persistence of plateletspecific tolerance.
Autoreactive T cells to the glycoprotein GPIIb/IIIa have been reported to escape thymic deletion and exist in the periphery of healthy individuals but remain tolerized. 36, 37 Therefore, peripheral mechanisms that control these potentially pathogenic T cells are necessary for preventing autoimmunity. Peripheral tolerance is believed to include several not mutually exclusive mechanisms: deletion, anergy, ignorance, and suppression. 16 The existence of distinct pathways of T-cell tolerance suggests that different types of antigens induce tolerance by distinct mechanisms. 38 Our experiments demonstrated that the tolerance could be broken down and that the T cells resume proliferation on rechallenge with IL-2 in addition to original Ags and autologous APCs, suggesting that the T-cell tolerance to platelet Ags was ascribed more likely to anergy than to deletion. The data also show that the T-cell tolerance induced by CTLA4-Ig, CsA, or their combination is platelet Ag specific. When restimulated with third-party stimulators (unrelated Ags), the T cells displayed the ability to proliferate, indicating that the tolerance is not likely due to the effects of T-cell suppression.
A wealth of previous data has pointed to the importance of IL-2 in preventing induction of T-cell anergy. 32, 33 Our data also confirmed that the platelet-specific T-cell anergy induced by CTLA4-Ig and/or CsA is correlated with inhibition of IL-2 production and could be prevented if exogenous IL-2 is added, indicating that defective IL-2 production is partially responsible for the plateletspecific anergy induction.
We also prospectively evaluated the efficacy of CsA therapy in a small series of selected patients with refractory AITP. The clinical management of refractory AITP, with a natural evolution to persistent, severe, and uncontrolled thrombocytopenia, remains a difficult dilemma. Although there are optimistic reports for new modalities used to treat patients with refractory AITP, there are no rigorous clinical trial data on the relative benefits and risks on which to make evidence-based recommendations for the choice of interventions. 30 In our experiments of CsA treatment, despite the small number of patients evaluated, we saw a consistent response in 5 of 11 patients. Further study showed that the response to CsA treatment in vivo is associated with the sensitivity of plateletreactive T cells to CsA inhibition in vitro. Therefore, in patients with severe refractory AITP showing CsA-sensitive antiplatelet T-cell reactivity, CsA may offer a useful alternative to other immunosuppressive drugs with the side effects comparing favorably to those of other drugs. It would be reasonable to recommend the usefulness of CsA as first-line immunosuppressive therapy in this particular subpopulation of patients to avoid myelotoxicity and mutagenic effects.
The ultimate goal for the treatment of chronic AITP, and possibly of other autoimmune diseases, might be to achieve autoantigen-specific immunologic tolerance. In this sense CTLA4-Ig may become a promising new therapeutic agent for the treatment of chronic AITP. CTLA4-Ig has specific interaction, minimal toxicity, and low risk of blunting resistance to infection and carcinogenesis. The blockade of 2 costimulatory signals with CTLA4-Ig and CsA combination would make the tolerance achieved more easily, providing a powerful strategy for the management of refractory AITP.
